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2,5-Disubstituted 3-iodofurans are readily prepared under very mild reaction conditions by the
palladium/copper-catalyzed cross-coupling of (Z)-f-bromoenol acetates and terminal alkynes,
followed by iodocyclization. The useful intermediates conjugated enyne acetates are obtained in
high yields in the transformation. Aryl- and alkyl-substituted alkynes undergo iodocyclization in
good yields. The resulting iodine-containing furans can be readily elaborated to 2,3,5-trisubstituted

furans.

Introduction

The synthesis of furans has attracted extensive interest,
because they are found as key structural elements in numerous
bioactive natural products and synthetic materials.' Moreover,
they are useful intermediates for the preparation of a variety of
heterocyclic and acyclic compounds.” Classical approaches to
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furan synthesis is the Paal—Knorr method in which 1,4-dicar-
bonyl compounds are converted to furan derivatives.’> Re-
cently, several studies have focused on the development of
metal-catalyzed transformation, including the cyclization of
alkynyl,* allenyl,® cyclopropyl,® and cyclopropenyl’” ketone
derivatives. Alternative strategies involve the cyclization of
functionalized oxirane,® alkynols,” (Z)-2-en-4-yn-1-ols,'® sub-
stituted propargyl vinyl ethers,!! and others.'?
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TABLE 1.  Sonogashira Coupling of (Z)-3-Bromoenol Acetates and Terminal Alkynes”
yield yield
entry substrate terminal alkyne product entry substrate terminal alkyne product
(%) (%)
Ph Ph Ph
. e PhC=CH N PO 1 NC(CH);C=CH N 18 85
OAc OAc Ph OAc (CH2),CN
Ph%\
Ph 18 Me;SiC=CH X 19 89
2 MeCH,C=CH b N 9% OAc  “SiMes
OAc CgHs-p-Me
Ph
1 ©\/ A R
Ph OAc
3 m-MeCgH,C=CH W/\ 88
OAc CgHyq-m-Me =SS
20 D= ph— 1 86
OAc
Ph%\ —
4 -MeCgHC=CH X 83 — =
o OAC  “CgHy-oMe 21  —= phd’ 2 %
OAc
Ph Ph ~
Y\ 2 O\/// L T 23 8
\C
s p-(+Bu)CHC=CH Ohe CoHarp-(tBu) 6 85
23 Q—: o 4 9%
Ph OAc
7
6 Pp-PhCeH,C=CH Wj\c - 74 OH Ph._»
o oHap- 2 —'—: NN_OoH 25 88
OAc
Ph = = 7 =
7 P-MeOCGH,C=CH Y\ 83 25 Ho—~ Ph‘(—>*OH 26 85
OAc CgH4-p-OMe OAc
OH HO
Ph 26 = = 27 78
8 mNHCHC=CH T N\ 78 = P :
OAc CgHy-m-NH, OAc
Ph p-MeCgHan_~ Br _ p-MeCgHy 2N
9 FerrocenylC=CH 7 10 sl z Eﬁ 28 PhC=CH bae Np, ¥
OAc ferrocenyl
p-MeCgHy.
- = N
. 28 p-MeOCH,C=CH WO;\%H‘_WMe 30 83
10 pFCHC=CH Y\ 19 p-MeCaHs
OAC  “CeHypF 2 P-FCH,C=CH o 31 9%
Ohc CeHg-p-F
Ph
u o FCHC=CH j/\ - " 20 P'FCSHA\(\Br - PhC=CH p—FCsH4\|/\ 5 9
OAc CeHa-0-F
OAc QAc Ph
P-FCsHs.
Ph 31 p-MeOCH,C=CH TN 34 90
12 m-CICgH,C=CH \/\ 13 92 Ohc CgHy-p-OMe
OAc CgHy-m-Cl o
p-FCgHy
£ P-FCH,C=CH A s 9
OAc CeHapF
Ph
13 p-BrCH,C=CH \V/\ 14 9 pFCeHs
OAc CeHy-p-Br 3 n-CeH15C=CH W/\ 36 78
OAc n-CeHyg
Ph n-CgH13 n-CgHy3:
- R “ “Br = SN
o-CE,CHC=CH N 5 s 34 B 37 pacecH N 8 84
14 e \OC\CSHA -0-CF3 Ohe liC\Ph
Ph%\ 35 MeOCGH,C=CH n_cﬂHmV\ 39 80
15 -CoH;C=CH X 16 7 -Me = N
el OAc -Chlrg P ¢ OAc  “CeHa-p-OMe
_ Ph 7 [ n-CeHyz_~
16 CICHaC=CH B 82 36 PFCHC=CH AN PR

OAc (CHo)Cl

OAc CgHa-p-F

“Reaction conditions: (£)-f-bromoenol acetate (0.5 mmol), terminal alkyne (1.0 mmol), Pd(OAc), (5 mol %), PPhs (10 mol %), Cul (5 mol %), TEA

(1 mmol) and THF (2 mL) solvent at 50 °C for 6 h.

Electrophilic cyclization of functionalized acetylene is one of
the most attractive methods for constructing heterocycles, espe-
cially the iodo- and bromoheterocycles, which provide an
opportunity for further functionalization through the transi-
tion-metal-catalyzed reactions. For example, a variety of hetero-
cycles, including furans,'® furanones,'* benzofurans, > indoles, '®

(10) (a) Du, X.; Chen, H.; Liu, Y. . 2008, 74, 9495.
(b) Zhang, X.; Lu, Z.; Fu, C.; Ma, S. . 2010, 75, 2589. (¢)
Gabriele, B.; Salerno, G.; Lauria, E. gufitefebsi. 1999.64,7687.(d) Liu, Y .;
Song, F.; Song, Z.; Liu, M.; Yan, B. Qugalegl. 2005, 7. 5409. (e) Schneider,
C.C.;Caldeira, H.; Gay, B. M.; Back, D. F.; Zeni, G. Qigelagtd. 2010, /2,936.

benzothiophenes,'” benzoselenophenes and selenophenes,'® qui-
nolines and isoquinolines,lg isoxazoles,? etc.,”! were obtained
through the electrophilic cyclization in the past decades.

Very recently, we have communicated a convenient and
expedient method for the synthesis of (Z)--haloenol acetates

(11) (a) Jiang, H.; Yao, W.; Cao, H.; Huang, H.; Cao, D. .
2010, 75, 5347. (b) Suhre, M. H.; Reif, M.; Kirsch, S. F. . 2005, 7,
3925. (c) Cao, H.; Jiang, H.; Yao W L1u X. (el 2009 11 1931.
(d)Cao,H.; Jlang,H Yuan, G ; Chen, Z ;Qi, C.; Huang, H.
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from terminal alkynes using silver tetrafluoroborate as the
catalyst.”> Here we developed a two-step approach for the
synthesis of 2,5-disubstituted 3-iodofurans involving the So-
nogashira cross-coupling of terminal alkynes and (Z)-f-ha-
loenol acetates, followed by iodocyclization. Although 2,5-
disubstituted 3-iodofurans have been obtained previously
from but-3-yn-1-ones'** or alk-3-yn-1,2-diols,"*" readily ac-
cessible starting materials, the high efficiency and compat-
ibility made our strategies attractive for furan synthesis.
Moreover, it is noteworthy that the conjugated enyne acetate
intermediates will be prove to have broad application.”*

Results and Discussion

A two-step method to 2,5-disubstituted 3-iodofurans
has been examined involving (i) the Sonogashira coupling
of (Z2)--bromoenol acetates with terminal alkynes to afford
the conjugated enyne acetates and (ii) a iodocyclization
reaction.
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TABLE 2. Study of the Solvent Effect on the Iodocyclization Reaction”

Ph I, solvent /d\
RN 2,
X —_— I\
\(gc\Ph rt. Ph—Ng”Ph
2 41
entry solvent yield of 41” (%) recovery of 2 (%)

1 Et,O 15 76
2 THF 28 67
3 MeCN 75 18
4 hexane 82 14
5 MeOH tr 92
6° MeOH/CH,Cl, 50 0
7 CH,Cl, 94 0

“Reaction conditions: 2 (0.25 mmol), I, (1.5 equiv), and NaHCO5 (1.5
equiv) in 2 mL of solvent at rt for 8 h. “Yields of 41 are given for isolated
products. ‘1 mL of MeOH and 1 mL of CH,Cl,.

To test the scope of this overall approach, we first studied
the Sonogashira reaction of (Z)-f-bromoenol acetates with
terminal alkynes. Treatment of (Z)-8-bromoenol acetates
bearing different functionalities with a wide range of term-
inal alkynes under standard Sonogashira coupling condi-
tions (0.5 mmol of (Z)-f-bromoenol acetate, 2.0 equiv of
terminal alkyne, 5 mol % of Pd(OAc),, 10 mol % of PPhj,
5Smol % of Cul, 1 mmol of Et3N, and 2 mL of THF at 50 °C
for 6 h) affords high yields of the target products (eq 1, Table 1).

4
R 5 mol % Pd(OAc), RN~
BN+ HescR? : ., O
OAc 10 mol % PPhs OAc R
5 mol % Cul, EtzN

With the standard conditions in hand, the scope of both
(Z)-p-bromoenol acetates and terminal alkynes was explored
for the coupling reaction (Table 1). Initially, a variety of
terminal alkynes were investigated by reacting with (Z)-2-
bromo-1-phenylvinyl acetate (1) (entries 1—26). The results
showed that the aromatic alkynes with either an electron-
donating or electron-withdrawing group on the benzene ring
were able to generate the corresponding products in good to
excellent yields (entries 1—14). Substitution at the ortho
position of the aromatic ring had some impact on the yields
(entries 2—4, 11, and 12). It is noteworthy that ethynylferro-
cene and the 3-ethynylbenzenamine also afford the corre-
sponding coupling products in good yields (entries 8 and 9).
It should be pointed out that the carbon—halogen bonds
tolerated the substrate reactivity and the halogen-containing
products were afforded smoothly (entries 12 and 13). The
alkyl alkynes were also found to be suitable substrates for the
standard conditions (entries 15—26). When the aliphatic
alkynes bearing chloro, cyano, silyl, benzylic, cyclopropyl,
cyclohexyl, vinylic, and hydroxyl groups were employed, the
reaction proceeded in good to excellent yields. Subsequently,
some representative (Z£)-f3-bromoenol acetates were exam-
ined, and high yields were obtained in almost all case,
regardless of the nature of terminal alkynes (entries 27—36).

The starting conjugated enyne acetates were readily avail-
able through the Sonogashira coupling reaction, and we then
focused on the development of an optimum conditions of the
iodocyclization (Table 2). The reaction of (£)-1,4-diphenyl-
but-1-en-3-ynyl acetate (2) with iodine and NaHCO; was
chosen as a model system for this process. The reaction
showed a strong solvent dependence. Good yields were
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icld ield
en alkyne roduct yie en alkyne roduct y
wry o P ) oy o P %)
I
Ph Ph
=
1 X 2 yat a 7L N\ 18 /d s
OAc Ph Ph~"Ng” Ph OAc (CHz):CN (CHz)SCN
I
Ph Ph
7
OAc CeHg-p-Me Ph™ "o~ ~CeHy-p-Me OAc SiMes SiMe;
Ph A s ! Ph
3 j/\ 4 ﬂ\ 43 95 19 7N ph 20 /d\/ 59 78
OAc CeHy-m-Me Ph™ g~ ~CgHy-m-Me OAc
Ph_~ ! =
4 N N 5 /@\ 4 86 20 ph— 21 6 np.
OAc CeHa-0-Me Ph™ g~ ~CeHy-0-Me OAC
Ph._~ ! _
5 N m s 92 21 2 2 61 88
OAc CeHy-p-(t-Bu) Ph™" o~ ~CgHy-p-(tBu) Ph
| OAc
Ph
6 \(\ /U\ %9 Ph
OAc CgHy-p-Ph Ph™ Ny~ ~CgHy-p-Ph 22 7T 23 62 90
| OAc
Ph
7 K\c H,-p-OM /d\ 7o =
o =
sHa-p Ph™ g ~CgHy-p-OMe 23 ph— 24 % 63 np.
[
Ph OAc
=
8 \(\ /U\ 48 n.p.
OAc CeHa-m-NH, Ph CgHg-m-NH, Ph N
24 X OH 25 64 np.
Ph P | OAc
9 \(\ 10 /w\ 49 n.p.
OAc ferrocenyl Ph™" g~ ferrocenyl MeCeH
Pp-MelLgHy.
oh I 25 N 29 A 65 98
10 m 1 /@\ 50 92 OAc Ph p-MeCgHy Ph
OAc CeHa-p-F Ph™ g~ ~CeHa-p-F pMeCeH
TS i3
b Ph Z R ! 2 lj\CSHAPOMe 0 p-MeCH, CoHy-p-OMe 66 9
11 jo:\c hor 2 I 51 86
6H4-0- Ph CgHy-0-F p-MeCgHy
o e 27 o 31 /d 61 97
P | OAc CoHap-F p-MeCqHy CoHe-p-F
12 DR 13 /@\ 52 93 o
OAc  “CeHym-Cl Ph CeHg-m-Cl 2 p-FC DN 3 Ii 68 95
Ph | OAc Ph p-FCgHy
=
13 j/\ 14 /@\ 53 o4 pFCoHe
OAc CeHg-p-Br Ph™ "o~ ~CgHy-p-Br 29 Y\ 34 ﬂ 6 93
OAc CgHy-p-OMe p-FCgHy CgHy-p-OMe
I
Ph
7 -
\cg\c HyoOFy ﬂ . o TN » /A—S\ o0
14 64~ 3 Ph 0~ CeHy-0-CF3 OAc CgHy-p-F p-FCgHy CgHy-p-F
I
Ph p-FCeHy
15 TN 16 /[g\ 55 85 31 o 36 /(_X\ 180
OAc n-CgH1a Ph" o7 ~n-CHis OAc n-CeHy3 p-FCeHy4 n-CgHas
I
Ph n-CeHyz
OAc (CHz)3Cl Ph (CH,):Cl OAc Ph n-CeHig o Ph

“Reaction conditions: enyne acetate (0.25 mmol), I, (1.5 equiv), and NaHCO; (1.5 equiv) in 2 mL of CH,Cl at rt for 8 h. “Reacted for 24 h.

obtained when MeCN and hexane were used; better results
were achieved using CH,Cl,, which furnished the desired
products 41 in 94% yield.

|
R1
D e m @
@]

OAc R? CH(Cl; R’ R?

To test the scope of this iodocyclization reaction, we
subjected a number of enyne acetates to the reaction condi-
tions (eq 2, Table 3). In general, most of the substrates could
afford the corresponding 2,5-disubstituted 3-iodofurans in
excellent yields. Initially, a set of substituents at the terminal
alkyne moiety were evaluated in the standard conditions

(entries 1—24). The results indicated that substituted aryl
groups were perfectly tolerated besides the substrate 8 and 9
(entries 1—14) . The alkyne 6 bearing a bulky tert-butyl
group afforded a high yield of the desired furan (entry 5).
Substitution at the 2-position of the aromatic ring had a
slight impact, and the alkyne 12 required prolonged reaction
time (entries 4 and 11). The chloro and bromoaryl group
were tolerated in this transformation and therefore available
for additional functionalization of the product at the C—Cl
or C—Br bond (entries 12 and 13). As the challenging
substrates, aliphatic terminal alkyne moieties were compa-
tible with the reaction system. The iodocyclization process
accommodates a variety of functional groups including
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TABLE 4.  Sonogashira Coupling of 3-lodofurans and Terminal Alkynes”
. . yield
entry 3-iodofuran terminal alkyne product
(%)
| CeHy-p-OMe
V.
1 m 41  p-MeOC¢H,C=CH f( 73 92
Ph™ g~ ~Ph L
| T™S
. V4
2 \ 42 Me;SiC=CH 74 94
Ph™ “o~ ~CeHa-p-Me Ph /o\ CoHa-p-Me
| ™S
: V4
3 7\ 44 Me;SiC=CH 75 88
Ph™ g7 ~CeHy-0-Me Ph /o\ CeHa-0-Me
|
4 PN T CoHip-(tBu) 4s — 4 76 85
I\
Ph™ g7 ~CgHy-p-(t-Bu)
| Ph
Vi
5 A\ 47 PhC=CH 77 95
Ph™ g~ ~CgHy-p-OMe Ph /O\ CeHa-p-OMe
| /(CH2)3CN
6 /@\ 50 NC(CH,):C=CH 4 78 89
Ph O CeHy-p-F Ph /o\ CgHa-p-F
| ™S
: V4
7 o\ 71 Me;SiC=CH 79 92
P-FCeHy ™ g7 Tn-CeHis p-FCeHs /o\ 1-CeHia
| Ph
V4
8 7\ 57 PhC=CH 80 90
Ph~ o~ ~~(CHZ);CN e~ cHauon
| CgHy-p-OMe
B /
9 61 p-MeOC¢H,C=CH X 81 93
Ph™ g e,

“Reaction conditions: 2,5-disubstituted 3-iodofuran (0.1 mmol), terminal alkyne (0.2 mmol), Pd(OAc), (5 mol %), PPh3 (10 mol %), Cul (5 mol %),

TEA (1.2 mmol), and THF (1 mL) solvent at rt for 6 h.

halides, nitriles, cyclohexyl, and benzylic on the alkyne
moiety (entries 16, 17, 19, 21, and 22). Interestingly, the
nature of the R' group on the double bond had very little
effect on the reaction rate or the product yield (entries
25—32). Unfortunately, some substrates failed to afford
the desired furans under our standard conditions (entries 8,
9, 18, 20, 23, and 24). It appeared that the nature of the
substituents attached to the triple bond has a major impact
on the success of the reaction.

The resulting product 2,5-disubstituted 3-iodofurans ap-
peared attractive as intermediates for the preparation of more
highly functionalized furans. To further the utility of our
methodology, we studied the Sonogashira coupling reaction
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of 2,5-disubstituted 3-iodofurans with terminal alkynes (eq 3,
Table 4). As shown in Table 4, all of the substrates reacted well
and provided excellent yields of the desired coupling products.
Moreover, compounds 74, 75, 76, and 79 were easily trans-
formed to the functionalized terminal alkynes.***

R3

|
b3 5 mol % Pd(OAc), //
; / \ ) + HC=CR D—» 3
R R 10 mol % PPhg / \

O
5mol % Cul EtN RN~ ~R?

A possible mechanism was proposed on the basis of
the previous work mechanism and our reaction results
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SCHEME 1
I . !
Ph
s . 3
OAc Ph Ph™ g7 ~Ph
2 4

o] Ph
A — /\9 5
I Ac J
a b

(Scheme 1).190-18221d 1y the first step, coordination of the
triple bond to the I, generates the iodonium a, then an anti
attack of the electrophile forms b, and subsequently the
acetyl group can be removed from intermediate b with aid
of an nucleophile to afford the target produce 41.

Conclusions

A very efficient synthesis of 2,5-disubstituted 3-iodofurans
has been developed through the Sonogashira coupling of
(Z)-p-bromoenol acetates with terminal alkynes, followed by
intramolecular iodocyclization. The useful intermediates of
conjugate enyne acetates were obtained in high yields with
broad functional groups tolerated. We observed that the
iodocyclization was sensitive to the nature of the solvent and
the structure of conjugate enyne acetates. The 2,5-disubsti-
tuted 3-iodofurans appear attractive for the prearation of
more highly substituted furans. For example, the 2,3,5-
trisubstituted furans were prepared with excellent yields.

Experimental Section

General Procedure for Synthesis of (Z)-1,4-Disubstitutedbut-
1-en-3-ynyl Acetates. To the mixture of (Z)-f-bromoenol ace-
tate (0.5 mmol), Pd(OAc), (5 mol %), and PPh; (10 mol %) in
THF (2mL) solvent, were added successively TEA (1 mmol) and
Cul (5 mol %), the mixture was stirred for 5 min at rt, terminal
alkyne (1.0 mmol) was added, the flask was then sealed, and the
mixure was stirred at 50 °C for 6 h. The solution was washed
with water and extracted with ethyl acetate (3 x 15mL), and the
combined extract was dried with anhydrous MgSO,. Solvent
was removed, and the residue was separated by column chro-
matography to give the pure sample.

(24) (a) Carpita, A.; Mannocci, L.; Rossi, R. | SN 2005,
1859. (b) Dabdoub, M. J.; Baroni, A. C. M.; Lenardao, E. J.; Gianeti, T. R.;
Hurtado, G. R. 2001, 57, 4271.

(25) (a) Ji, S;; Yang, J.; Yang, Q.; Liu, S.; Chen, M.; Zhao, J. QL2
Chep. 2009, 74, 4855. (b) Gagnon, E.; Rochefort, A.; Métivaud, V.; Wuest,
1.D. Qigalegts. 2010, /2, 380. (c) Wu, X. H.;Jin, S.; Liang, J. H.; Li,Z. Y .; Yu,
G.; Liu, S. H. 2009, 28 2450 (d) Mao, G Orita, A.;
Mdtsuo D.; Hirate, T.; Iwanaga, T.; Toyota, S.; Otera, J. _
2009, 50, 2860
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(Z)-1,4-Diphenylbut-1-en-3-yn¥l Acetate (2). This product
was obtained as a yellow solid. 'H NMR (400 MHz, CDCl;):
0 7.47-7.49 (m, 2H), 7.41—7.44 (m, 2H), 7.33—7.37 (m, 3H),
7.30—7.32 (m, 3H), 6.15 (s, 1H), 2.37 (s, 3H). '>*C NMR (100
MHz, CDCl;): 6 167.2, 155.2, 133.0, 131.0, 129.1, 128.2, 127.9,
127.8, 124.1, 122.7,97.3, 96.5, 83.6, 20.1. MS (EI) m/z: 77, 105,
115, 191, 220, 262. Anal. Calcd for C;gH40,: C, 82.42; H, 5.38.
Found: C, 82.27; H, 5.45.

General Procedure for Iodocyclization. A mixture of (Z)-1,4-
disubstitutedbut-1-en-3-ynyl acetate (0.25 mmol), I, (1.5 equiv)
and NaHCOj; (1.5 equiv) in CH,Cl, (2 mL) was stirred at rt for
8 h unless otherwise specified. The excess I, was removed by
washing with a saturated aqueous solution of Na,S,0s. The
solution was extracted with ethyl acetate (3 x 10 mL), and the
combined extract was dried with anhydrous MgSO,. Solvent
was removed, and the residue was separated by column chro-
matography to give the pure sample.

3-lodo-2,5-diphenylfuran (41). This product was obtained as a
yellow solid: "H NMR (400 MHz, CDCl5): 6 8.05(d, J = 8.0 Hz,
2H), 7.68 (d, J = 7.6 Hz, 2H), 7.27—7.46 (m, 6H), 6.83 (s, | H).
3C NMR (100 MHz, CDCls): ¢ 153.9, 151.0, 130.1, 129.5,
128.7,128.4,128.1, 128.0, 126.1, 123.8, 115.7, 62.7. MS (EI) m/z:
77, 105, 189, 191, 346. Anal. Calcd for C;¢H,,10: C, 55.51; H,
3.20. Found: C, 55.34; H, 3.28.

General Procedure for the Preparation of 2,3,5-Trisubstituted
Furans. To the mixture of 2,5-disubstituted 3-iodofuran
(0.1 mmol), Pd(OAc), (5 mol %) and PPh; (10 mol %) in
THF (2 mL) solvent were added successively TEA (0.2 mmol)
and Cul (5 mol %), the mixture was stirred for 5 min at rt,
terminal alkyne (0.2 mmol) was added, the flask was then sealed,
and the mixture was stirred at rt for 6 h. The solution was
washed with water and extracted with ethyl acetate (3 x 5 mL),
and the combined extract was dried with anhydrous MgSO,.
Solvent was removed, and the residue was separated by column
chromatography to give the pure sample.

3-(2-(4-Methoxyphenyl)ethynyl)-2,5-diphenylfuran (73). This
product was obtained as a yellow solid. "H NMR (400 MHz,
CDCl3): 0 8.02 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.6 Hz, 2H),
7.39—7.51 (m, 6H), 7.28—7.33 (m, 2H), 6.90 (d, / = 8.8 Hz, 2H),
6.82 (s, 1H), 3.83 (s, 3H). '>*C NMR (100 MHz, CDCl5): 6 159.7.
153.6, 152.2, 132.9, 130.5, 130.0, 128.8, 128.6, 127.9, 127.9,
124.7, 123.9, 115.2, 114.1, 110.0, 105.2, 94.0, 81.3, 55.3. MS
(EI) m/z: 51,77, 152, 199, 277, 350. Anal. Caled for C5sH 505:
C, 85.69; H, 5.18. Found: C, 85.43; H, 5.25.
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